Object. The objective of this study was to evaluate the ophthalmological outcome, nonvisual morbidity, and surgical complications after tuberculum sellae meningioma (TSM) removal using a superior interhemispheric approach.
T he tuberculum sellae, a transversal bony prominence between the middle clinoid processes, separates the chiasmatic sulcus from the anterior wall of the pituitary fossa. 28 Tuberculum sellae meningiomas arise from the dural midline over the tuberculum sellae, chiasmatic sulcus, and limbus sphenoidale, 2, 13, 16, 18, 23, 30, 35 and account for 10% of all intracranial meningiomas. The narrow anatomical relationship between this area and the optic tractus explains the early visual disturbances secondary to the displacement of the optic chiasm and nerves by TSMs, 1, 6, 7, 13, 18, 27, 30, 39 the most common initial symptom. The resection of TSMs was commonly performed via a lateral subfrontal approach using pterional or supraorbital flap craniotomy, 2, 18, 23, 30, 35 but an anterior subfrontal approach using free bifrontal flap craniotomy 9, 25 has also been proposed.
The dissection of the anterior interhemispheric fissure is classically used to expose a variety of midline pathological lesions involving the suprasellar cistern, such as craniopharyngiomas 11, 31 and anterior communicating artery aneurysms. 5, 15, 17, 34, 36 The interhemispheric approach has rarely been reported for the use of removing midline meningiomas. 16, 22, 37 In addition to the frontobasal interhemispheric approach, 16 the superior interhemispheric approach using an osseous flap above the frontal sinus provides an orthogonal view of the anterior cranial base up to the posterior clinoid processes. 22, 37 Since 1998, Validation of the superior interhemispheric approach for tuberculum sellae meningioma
Clinical article the Neurosurgery Department of Rouen University Hospital has been using this approach for all anterior cranial base meningiomas. 20 The objective of this study was to analyze the ophthalmological outcome, nonvisual morbidity, and traumatic consequences after resection of a TSM using a superior interhemispheric approach in a consecutive series of 20 patients.
Methods

Study Design
This study included all consecutive patients who underwent operations for TSMs via a superior interhemispheric approach that was routinely used in the Neurosurgery Department of Rouen University Hospital over a 10-year period (January 2000 to January 2010). The primary objective of the study was to assess ophthalmological outcome after using this approach. The secondary objective was to analyze surgical complications, including the traumatic consequences of a brain retractor on the medial aspect of the frontal lobes, and nonvisual morbidity.
We collected admission data, preoperative neuroophthalmological and olfactory status, imaging studies, operative records, and follow-up evaluations from the patients' charts. In the preoperative stage, all patients were studied using MRI involving T1-weighted sequences (axial, coronal, and sagittal plane) with and without Gd injection, T2-weighted and FLAIR sequences (axial plane), and in some cases a CT scan. The maximum tumor diameter (measured in millimeters) permitted us to dichotomize our population into 2 meningioma sizes: those with TSMs > 40 mm, and those with TSMs ≤ 40 mm. 12, 16, 29, 30 At 6 months, the global functional evaluation of each patient was assessed using the KPS score. 19 
Ophthalmological and Endocrinological Assessment
An ophthalmologist assessed visual acuity, visual field, and the ocular fundus for each patient during the preoperative period, immediately postoperatively, and 6 months after surgery. A change of at least 1 line on the Snellen eye chart meant improvement or deterioration of visual acuity. 30 The visual field was improved if any visual defect regression was noted, regardless of the initial deficit (bitemporal visual field defect or quadranopsia).
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Visual deterioration was considered severe when the visual acuity was inferior to 5 on the Snellen chart in at least 1 eye. 30 In the preoperative and postoperative periods (1 week and 3 months), the endocrinological analysis included the adrenal, gonadal, and thyroid axes by measurement of basal serum levels of prolactin, adrenocorticotropic hormone, morning cortisol, growth hormone, follicle stimulating hormone, testosterone in men, and estradiol in women. 2 Dynamic testing was performed to evaluate the hypothalamic-pituitary-glandular axis and to assess adrenal, thyroidal, and prolactin reserve. Moreover, posterior pituitary function was evaluated by monitoring fluid intake, urinary output, and urine specific gravity.
Resection Using the Superior Interhemispheric Approach
Under general anesthesia, the patient was placed supine with the head in a straight axis above the heart to facilitate venous drainage. The skin was cut posterior to the frontal hairline from zygoma to zygoma. The scalp was pulled forward and separated from the pericranium, therefore preserving the 2 supraorbital nerves. A small free bone flap was detached by a side-cutting drill between the superior limit of the frontal sinus and the coronal suture, 4 cm away from the midline on the right side and 1 cm on the left side. Under an operative microscope, the dural opening was U-shaped with a medial base avoiding the superior sagittal sinus. One unilateral corridor between the falx and the medial aspect of the right frontal lobe (< 1 cm) constituted the interhemispheric approach up to the interhemispheric fissure. Careful attention was given to preserve the bridging veins. The trajectory line of the optical view (axial view allowed by the operative microscope) in the interhemispheric approach is shown in Fig. 1 .
By dissecting the interhemispheric fissure between the medial aspects of the right frontal lobe, the optical view permitted us to first expose the superior pole of the meningioma ( Fig. 2A, Video 1) , and then the jugum sphenoidale just in front of the anterior border of the dural insertion of the meningioma. The blood supply to the meningioma from the tuberculum sellae and the jugum sphenoidale was interrupted using bipolar forceps combined with microsuction and microscissors, and/or combined for a debulking of the tumor using an ultrasonic dissector. The access to the lateral aspect of the TSM allowed a careful dissection from the optic chiasm and both optic nerves up to the dihedral space with the ICA (Fig. 2B) . Avoiding the arachnoid plane around the optic nerves offered the best way to preserve the microvasculature. However, in some instances, the tumor was adherent to the optic nerve and chiasm. In these cases, a thin cuff (or layer) of the tumor was left adherent to the chiasm to avoid jeopardizing the microvasculature and the neural structures. In tumors with significant extension into the optic canal, the falciform ligament was sectioned and the optic canal unroofed by drilling. For large meningiomas, careful dissection of the olfactory tracts with arachnoidal membrane was performed to preserve the surface microvasculature (Fig. 2C) .
On the posterior aspect of the TSM, the anterior communicating complex and its perforating vessels were gently pushed away to identify the arachnoid veil covering the pituitary stalk, which was pushed backward. The dissection from the sellae dura mater, the distal portion of the pituitary stalk, and possible extension of the TSM into the sellae was performed using the interhemispheric approach (Fig. 2D ). The bulk of the tumor was removed until only a superficial thin layer remained, and then dissection of the capsule was carefully performed from the medial aspect of the frontal lobes. The tumor matrix was coagulated and the hyperostosis was drilled using a high-speed diamond drill. The quality of resection was evaluated at the end of the procedure according to the Simpson classification.
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Postoperative Complications
The immediate follow-up evaluation was completed during the first 24 hours in the intensive care unit and continued until patient discharge. For each patient the following complications were evaluated: neurological deterioration of all causes (sensorial impairment, brain damage by contusion or ischemic injury), endocrinological dysfunction, postoperative hematoma (whether surgery was required), leakage of CSF, hydrocephalus (transient or definitive), meningeal infection, pulmonary or urinary tract infection, electrolyte disorders, and pulmonary embolus.
Follow-up MRI such as axial T1-weighted sequences with and without Gd injection, coronal T2-weighted sequences, and FLAIR were performed at 3 and 12 months after the resection and then annually thereafter.
On the postoperative MRI, surgical trauma to the brain surface was explored along the surgical corridor required for the tumor resection. The internal aspects of the frontal lobes were analyzed to detect radiological changes corresponding to potential contusions, ischemia, or new hemorrhage. In addition, possible recurrences of the tumor were depicted on T1-weighted MRI sequences with Gd injection. Any increase of residual tumor or occurrences of a new lesion in cases of complete resection was considered a recurrence.
Olfactory Assessment
Before surgery, olfactory status was classified into anosmia, hyposmia, or normal. A subjective evaluation included the ability to smell common odors such as chocolate, fragrances, and ether, without analysis of their intensity. At 6 months, olfactory function was again assessed and the impact of olfactory alteration on the quality of life was evaluated using a VAS. The VAS score is based on a mark placed by the patient on a 10-cm-long scale, which ranged from 0 (no influence on the patient's life) to 10 (the worst consequence to the patient's life).
Results
Study Population
Twenty consecutive patients with TSMs (Table 1) were included (female:male ratio of 6.6:1). The mean patient age at the time of operation was 59.1 ± 11.1 years. The primary presenting symptom for diagnosis was a visual disturbance in 12 patients (60%, including visual eclipses in 1 patient [Case 19]), headache in 4 (20%), cognitive alteration in 1 (5%), epilepsy in 2 (10%), and accidental in 1 (5%). The mean duration until diagnosis was 5.8 ± 5.9 months. The ophthalmological examination (Table 1) displayed visual acuity deterioration in 11 (55%), visual field alteration in 8 (40%), and optic atrophy in 8 (40%). Olfactory status was normal in 17 patients (85%), hyposmia was found in 2 (10%) and anosmia was found in 1 (5%). The mean preoperative KPS score was 82.5 ± 9.7. On preoperative MRI, the mean maximum tumor diameter was 32.5 ± 13.8 mm (range 18-53 mm) and a maximum tumor diameter larger than 40 mm was found in 6 patients (30%). Anterior cerebral artery encasement (Fig. 3) was observed in 7 patients (35%). Magnetic resonance imaging redressed the previously erroneous diagnosis established by CT in 2 patients. In the first patient (Case 16), the initial diagnosis was an asymptomatic pituitary macroadenoma, whereas an associated suprasellar meningioma was responsible for compression of the visual tractus. The enclosed macroadenoma was treated by a transsphenoidal approach 9 months later. The second patient (Case 17) was initially admitted for an anterior communicating artery aneurysm.
The mean operating time was 276 ± 92 minutes and the mean operative blood loss was 448 ± 393 ml. During the resection, the optic chiasm appeared to be pushed upwards in 6 patients (30%) and downward in 14 (70%). Despite meningioma extension to the optic canal requiring opening of its roof in 3 patients, complete tumor removal (Simpson Grade I or II) was achieved in 19 patients (95%). The mean follow-up for these patients was 57 ± 33 months and none presented with a recurrence or growth from the insertion base. All patients presented with WHO Grade I meningioma, which was subdivided into meningothelial in 12 (60%), transitional in 5 (25%), fibroblastic in 2 (10%), and psammomatous in 1 (5%).
Neuroophthalmological Outcome
At examination, 11 patients (55%) presented with preoperative visual acuity deterioration, unilateral in 5 and bilateral in 6. In a total of 40 eyes, preoperative visual acuity deterioration was detected in 17 eyes, qualified as severe in 8 patients and moderate in 3. The severe visual acuity deterioration (n = 8) was not associated with meningioma size or optic chiasm displacement (p > 0.05, Pearson chi-square test).
In these 11 patients, visual acuity improved postoperatively in 13 eyes in 8 patients (72.8%), remained unchanged in 3 eyes in 2 patients (18.2%), and deteriorated in 1 patient (9%). The postoperative deterioration (Case 3) was due to ischemic injury of the right optic nerve encased in an invasive meningioma, in spite of a careful dissection leaving a thin cuff along the nerve. For the 9 other patients, no visual deterioration was found.
Of the 8 patients with visual field defects, 7 improved with recovery of the normal visual field and 1 remained unchanged. The patients with optic atrophy (n = 8, 40%) did not present with any fundal changes after the surgery.
Nonvisual Morbidity
Olfactory deterioration was the most common postoperative morbidity, present in 7 patients (35%). In the 17 patients without preoperative olfactory alteration and in the 3 with alteration, deterioration occurred in 6 and 1, respectively. In these 7 patients with postoperative olfactory deterioration, 3 presented with hyposmia (15%) and 4 with anosmia (20%). In these 4 latter patients (Cases 8, 13, 16, and 18), olfactory injury was recorded on the operative report. This deterioration occurred after the removal of a large meningioma in 4 patients and after removal of a medium-sized meningioma in 3. After 6 months, olfactory function was preserved in 10 patients (50%), but was altered due to hyposmia in 3 and anosmia in 7. The impact of this olfactory deterioration on the quality of life was estimated using a VAS, resulting in a mean score of 5.7 ± 2.2 (95% CI 4.1-7.3).
Panhypopituitarism occurred in 1 patient (Case 6) N. ) and the ICA was dissected. C: The olfactory tractus was exposed with attention given to protecting the microvasculature by respecting the arachnoid membrane maintaining the tract attached to the inferior aspect of the frontal lobe. D: Posterior dissection under the optic chiasm protecting the arachnoid plane for the microvessels allowed access to the superior aspect of the sellae diaphragma up to the pituitary stalk. who underwent treatment for a large meningioma 53 mm in diameter and required adrenocorticotropic, thyroid, and antidiuretic hormone substitution. No CSF leakage or postoperative hematoma was observed. Other medical complications such as electrolyte disturbances and urinary tract infection occurred in 2 patients (10%). Residual tumor was found on the postoperative CT scan in 1 patient (Case 5). This residual tumor was located on the left side of the falx, that is, contralateral to the right-sided surgical approach, requiring an early reoperation to remove it. After a mean follow-up of 56.3 ± 34 months (95% CI 40-72 months) in all patients, no recurrence was diagnosed on follow-up MRI. On follow-up imaging, the abnormalities were all related to the tumor growth, and no surgical trauma to the brain surface (ischemia or contusion) was observed on the medial aspect of the frontal lobe along the surgical corridor (Fig. 4) .
Discussion
As a result of the superior interhemispheric approach used in this series of 20 patients with TSM with no deaths, the visual acuity improved in 72.8%, remained unchanged in 18.2%, and deteriorated in 9%. The nonvisual morbidity in this series included olfactory deterioration in 35% and panhypopituitarism in 5%. These results are in the range of those reported using other approaches (Table 2 ). In addition, postoperative imaging in our patients revealed no trauma on the brain surface along the surgical corridor required for the interhemispheric dissection. Lateral subfrontal approaches represent the conventional surgical procedures 2, 15, 21, 25, 28 for resection of TSM. The interhemispheric approach, either frontobasal 16 or superior, 22, 37 is rarely reported but the superior interhemispheric approach offers several advantages for such dural midline suprasellar meningiomas.
The first advantage of the superior interhemispheric approach is that it might decrease surgical injury to the olfactory tractus. However, preserving olfactory function continues to be a surgical challenge for this tumor location on the cranial base because these meningiomas grow at a distance from the olfactory bulb, pushing away laterally the olfactory tract and superiorly the olfactory trigone. Few cases of postoperative olfactory deterioration have been reported after TSM resection. Ganna et al., 16 using a frontobasal interhemispheric approach in 24 patients, observed 30% with anosmia. Regarding the pterional or supraorbital subfrontal approaches, no results involving postoperative olfactory function have been reported. 2, 13, 18, 23, 30 In comparison, 42% of patients were reported to suffer anosmia after contralateral clipping 24 of an anterior aneurysm using the pterional approach. In our series, the rate of postoperative anosmia was 20%. Several characteristics of the superior interhemispheric approach could explain this difference.
First, the superior interhemispheric approach required minimal unilateral retraction of the frontal lobe and no elevation from the orbital roof in comparison with the subfrontal approaches. The upward retraction of the frontal lobe determines the risk of sectioning, avulsion, or creating an ischemic lesion on the olfactory nerves, and must be limited to 1.5 cm. 4, 8, 10 Moreover, the trajectory of the superior interhemispheric approach is located far away from the olfactory tractus because the trajectory line is located under the genu of the corpus callosum. In contrast to the anterior or lateral subfrontal approaches, the olfactory nerves were exposed in the operative field during the procedure, exposing the patient to surgical injury. Third, the olfactory tractus appeared progressively in the periphery of the operative field at the end of meningioma debulking. The careful microdissection had to avoid the arachnoid membrane without separating the tract from the inferior aspect of the frontal lobe to pre- serve its microvasculature lying on the dorsal surface of the nerve. 14, 15 The second advantage of the superior interhemispheric approach was a decreased surgical risk to the microvasculature. Careful dissection of the anterior communicating artery complex and its branches was achieved by good visualization of the posterior aspect of the tumor. Performed at an early stage of the operative period, this dissection permits one to cut the microvessels from the anterior cerebral artery to the meningioma 30 and to selectively dissect the encased anterior cerebral artery and its branches. In contrast, the interhemispheric or lateral subfrontal approaches offer a late and incomplete exposition of this vascular tree. 2, 21 Posteriorly, the dissection releases the optic chiasm and the pituitary stalk from the TSM. The optic pathways are supplied to their inferior surface by microvessels arising from the superior hypophysial arteries. 3 Subsequently, a microdissection using a superior interhemispheric approach, preserving the microvasculature lying on the arachnoidal membrane on the inferior surface of optic pathways, contributes to minimizing the risk of postoperative deterioration.
The third advantage of the superior interhemispheric approach was the orthogonal view on the cranial base that permits one to treat both the extension to the posterior part of the optic pathways and the dural insertion of the meningioma. The meningioma extension into both optic canals might be explored after sectioning of the falciform ligaments. 35 In our series, a bilateral drilling of the optic canals was performed in 3 patients, allowing for complete removal of the lesion. Furthermore, the superior interhemispheric approach provides access to both sides of the dihedral space between the medial face of the ICA and optic nerve under the anterior clinoid process. In contrast, the surgical view provided by the subfrontal approaches is tangential to the cranial base, and unilateral. 2, 13, 18, 21, 23, 30 Moreover, the surgical exposition of the ipsilateral dihedral space was insufficient without the use of video endoscopic assistance. Finally, this superior interhemispheric approach allows for the preservation of the pituitary stalk up to the sellae diaphragm, 16, 37 which occurred in all of our cases except 1 large meningioma (Case 6) with arachnoidal membrane involvement.
The disadvantages inherent to the interhemispheric approach are essentially related to the initial dissection of the interhemispheric fissure. The injury to the venous drainage system such as a thrombosis of the superior sagittal sinus or the bridging veins may occur, especially in the beginning of intervention. To avoid these complications, we used the following precautions: 1) the osseous flap slightly crossing the median line by 2) the medial reflection of the dural flap without excessive tension, and 3) minimal retraction of the frontal lobe (< 15 mm). Nevertheless, the unilateral approach respecting the superior sagittal sinus avoids venous return alteration. 2, 13, 23, 26, 30, 33, 38 Continuing downward along the brain falx, the dissection must remain between the cingular gyri without passing through the pia mater up to the superior pole of the meningioma. As in our series, no infarct on the medial face of the frontal lobe has been reported in previous series describing this superior interhemispheric approach. 22, 37 In contrast to the subfrontal lateral 6, 13, 21, 23, 30, 35 or basal interhemispheric approaches, 16 control of the meningioma vascularization by sectioning the branches from the meningohypophyseal arteries and posterior ethmoidal arteries via the superior interhemispheric approach was obtained after tumor debulking. Despite this transtumoral strategy 22, 37 to control the basal vascularization, the mean intraoperative blood loss (547 ml, range 0-1700 ml) was similar to that of the lateral subfrontal approach (395 ml, range 0-2000 ml). 29, 35 Although the operating duration depends on numerous intraoperative factors, our mean value of 276 ± 92 minutes was comparatively higher than the 158 minutes reported for the lateral supraorbital approach, 29 but lower than the mean of 230 minutes previously observed in a series of 18 patients operated on using a superior interhemispheric approach. 22 The classic pitfall of this unilateral superior interhemispheric approach is the anterior extension of meningioma toward the contralateral side of the crista galli, 22, 37 which requires sectioning of the inferior part of the falx due to the narrow corridor targeted to the tuberculum and the frontal lobe covering this area.
Conclusions
Tuberculum sellae meningiomas affect the visual prognosis because of their close relationship to the optic apparatus and the suprasellar area, and the involvement of arachnoidal membranes lining the microvasculature. We demonstrate in this patient series that the superior interhemispheric approach is effective in treating the visual deterioration without inducing injury on the brain surface along the surgical corridor in contact with the medial surface of the frontal lobe. Olfactory deterioration remains the predominant nonvisual morbidity that demands further innovative surgical procedures. 
